




























	 The	activation	and	reaction	energies	of	the	C‐C	and	C‐H	bonds	cleavage	in	pyrene	molecule	arecalculated	 applying	 the	 Density	 Functional	 Theory	 and	 6‐311G	 Gaussian	 basis.	 Different
values	 for	the	energies	result	 for	the	different	bonds,	depending	on	the	location	of	 the	bond
and	 the	 structure	 of	 the	 corresponding	 transition	 states.	 The	 C‐C	 bond	 cleavage	 reactions
include	H	atom	migration,	in	many	cases,	leading	to	the	formation	of	CH2	groups	and	H‐C≡C‐
acetylenic	 fragments.	 The	 activation	 energy	 values	 of	 the	 C‐C	 reactions	 are	 greater	 than
190.00	kcal/mol	for	all	bonds,	those	for	the	C‐H	bonds	are	greater	than	160.00	kcal/mol.	The
reaction	energy	values	for	 the	C‐C	bonds	range	between	56.497	to	191.503	kcal/mol.	As	 for















aromatic	 hydrocarbons	 (PAH’s)	 is	 documented	 in	 the	 litera‐
ture	[1‐4].	They	are	present	with	considerable	amounts	in	the	
crude	 oil	 of	 different	 sources	 in	 the	 world	 [5].	 Their	 degra‐
dation	 represents	 an	 important	 route	 towards	 additional	
consumable	 energy	 sources.	 However,	 they	 are	 known	 to	 be	
strong	 carcinogenic	 and	may	 be	 formed	 through	 incomplete	
combustion	 reactions	 of	 organic	 compounds	 [6].	 Many	
experimental	 and	 theoretical	 studies	 were	 reported	 [7‐15]	
which	 investigate	 the	 possibilities	 of	 converting	 PAH’s	 to	
smaller	molecules	that	are	suitable	as	fuels	or	starting	material	





should	 start	 with	 the	 cleavage	 of	 a	 C‐H	 bond	 forming	 PAH	
radicals.	 It	 was	 realized	 that	 the	 estimation	 of	 the	 energies	
required	 for	 the	 thermal	 cracking	 of	 PAH’s	 demands	 an	
accurate	evaluation	of	the	C‐H	cleavage	activation	and	reaction	
energies.	Such	evaluation	should	proceed	through	the	study	of	
the	 corresponding	 reaction	 path	 enabling	 the	 assignment	 of	
the	 transition	 state	 and	 reaction	 products.	 It	 requires	 the	
application	 of	 an	 elaborate	 theoretical	 method	 such	 as	 the	
quantum	 mechanical	 Hartree‐Fock	 [16]	 or	 the	 Density	
Functional	Theory	methods	[17‐20].	
In	 former	 papers,	 we	 reported	 quantum	 mechanical	
descriptions	of	the	reaction	paths	and	transition	states	of	C‐H	
and	 C‐C	 bond	 cleavage	 in	 benzene,	 toluene,	 naphthalene	 and	
anthracene	molecules	[21‐23].	Applying	the	Hartree‐Fock	and	
Density	 Functional	methods	 (of	 the	B3LYP	 type	 [20]),	 it	was	
possible	 to	 evaluate	 the	 energies	 of	 the	 transition	 states	 and	
the	 final	 products	 of	 the	 reactions.	 The	 calculated	 values	
agreed	satisfactorily	with	the	available	experimental	literature	
values	[24‐27].	The	structures	of	 the	 transition	states	(TS)	as	
well	 as	 the	 final	 products	 could	 be	 elucidated.	 Neither	 fixed	
pattern	 of	 the	 reaction	 paths	 nor	 structures	 of	 the	 TS’s	
resulted	 from	 the	 studies.	 In	 fact	 different	 C‐C	 or	 C‐H	 bonds	
showed	 different	 TS	 and	 reaction	 product	 structures	 and	
conformations.	For	this	reason,	a	detailed	study	of	the	cleavage	
reaction	for	each	bond	in	each	molecule	had	to	be	done.	In	the	





















The	 density	 functional	 theory	method	 of	 the	 B3LYP	 type	
[18,19]	 and	 in	 the	 open	 shell	 form,	 was	 applied	 as	 it	 is	
programmed	 within	 the	 Gaussian	 03	 program	 system	 [28].	
The	 6‐311G	 Gaussian	 basis	 was	 considered	 within	 the	 same	
study	of	the	cleavage	reactions	for	the	C‐C	and	C‐H	bonds.	The	
calculations	 were	 done	 for	 the	 energy	 of	 the	 molecule	 at	
various	lengths	of	the	corresponding	bond.	For	all	points	along	
the	 reaction	path,	 open	 shell	DFT	 calculations	were	 done	 for	
both	 singlet	 (S)	 and	 triplet	 (T)	 electron	 configurations.	 The	
treatment	 showed	 that	 for	 all	 discussed	 reactions,	 the	 (S)	
configuration	was	 the	more	 stable	 up	 to	 the	 transition	 state.	
After	 that	 the	 electronic	 configuration	 of	 the	 product	 varied	
from	one	bond	to	 the	other.	For	the	calculation	of	 the	energy	
value	for	each	point	along	the	reaction	path,	which	is	chosen	to	
be	 equivalent	 to	 the	 C‐H	 or	 the	 C‐C	 internal	 coordinate,	 the	
corresponding	 bond	 length	 was	 kept	 constant,	 i.e.	 “frozen”,	
while	 the	 other	 (3N‐5)	 internal	 coordinates	 were	 varied	 to	
obtain	 the	 minimum	 of	 the	 molecular	 energy.	 The	 obtained	
energy	 values	 were	 plotted	 then	 against	 the	 "frozen"	 bond	








Density	Functional	Theory	 (DFT)	 treatment	was	done	 for	
the	 C1‐C2	 bond	 cleavage	 of	 pyrene,	 following	 the	 same	








(c)	 The	 activation	 energy	Ea	 =	 192.428	 kcal/mol	 and	 the	
(S)	reaction	energy	is	73.484	kcal/mol.		
On	departing	from	the	TS,	 the	H3	atom	migrates	from	C3	
to	 C1	 forming	 an	 exo‐methylene	 group	 which	 seems	 to	
stabilize	the	(S)	reaction	product.	The	formed	H2‐C≡C‐C3‐C3a	
group	 remains	 in	 the	 plane	 of	 the	 molecule,	 Figure	 2.	 No	 H	




The	 formation	 of	 an	 acetylenic	 (C2)	 atom	 due	 to	 this	
reaction	 is	 apparent	 on	 studying	 the	 variation	 of	 the	 atomic	
charges	at	C1	and	C2	atoms	along	the	reaction	path,	Figure	3. 
The	charges	of	the	two	atoms	at	the	 initial	geometry	are	C1(‐
0.10)	 and	 C2(‐0.12).	 They	 deviate	 more	 from	 each	 other	 at	
longer	distances	to	meet	again	at	the	TS,	3.6	Å.	At	the	reaction	
product,	their	values	are	(C1,	‐0.32	and	C2,	‐0.58).	The	bigger	









forming	 a	 CH2	 group.	 The	 conjugated	 HC3≡C2‐C1=	 group	
remains	 coplanar	 relative	 to	 the	 rest	 of	 the	 molecule.	 The	
formation	of	 the	acetylenic	bond	 is	concluded	on	 the	basis	of	






























configured	 reaction.	 The	 calculated	 energies	 for	 the	 reaction	
are;	 Ea(S)	 =	 201.125	 kcal/mol,	 Er(S)	 =	 70.383	 kcal/mol	 and	
Er(T)	=	144.308	kcal/mol. Figure	5 shows	the	variation	in	the	





According	 to	 the	DFT	 study	 carried	 out	 for	 this	 reaction,	
the	bond	cleavage	proceeds	via	a	(S)	TS	at	a	C‐C	distance	3.5	Å,	
Figure	6.	The	final	reaction	product	possesses	an	(S)	electron	
configuration	 too.	 It	 falls	 energetically	 lower	 than	 the	 triplet	
final	state.	
The	 calculated	 energy	 values	 for	 the	 reaction	 are;	 Ea	 =	
173.615	 kcal/mol,	 Er(S)	 =	 56.497	 kcal/mol	 and	 Er(T)	 =	
131.648	 kcal/mol.	 Figure	 6	 shows	 that	 all	 three	 reaction	
species	 possess	 coplanar	 conformations.	 The	 stable	 final	 (S)	
product	 is	 formed	 via	 H	 atom	migration	 from	 C5	 to	 C3a.	 No	
such	 H	 migration	 results	 for	 the	 (T)	 final	 product.	 The	 H	
migration	forms	a	5a‐acetinyl‐	derivative	of	phenanthrene.	
Figure	 7	 shows	 the	 variation	 of	 the	 calculated	 atomic	
charges	 for	 atoms	C3a	 and	C4.	A	 study	of	 the	 graphs	 reveals	








The	 cleavage	 of	 this	 central	 bond	 is	 expected	 to	 proceed	
under	 considerable	 strain.	 In	 fact	 the	 potential	 energy	 curve	
for	 both	 electron	 configurations,	 (S)	 and	 (T)	 exhibit narrow	
and	 sharp	 minima	 followed	 by	 rapid	 elevation	 of	 the	 total	
molecular	energy,	Figure	8.	The	resulting	(T)	product	is	more	
stable	 than	 the	 (S)	 product.	 The	 calculated	 Ea	 =	 206.523	
kcal/mol,	 Er	 (T)	 is	 184.788	 kcal/mol	 and	 Er(S)	 =	 194.975	
kcal/mol.	 Both	 TS	 and	 (T)	 final	 product	 are	 calculated	 to	 be	
coplanar,	Figure	9.	
For	 all	 3	 species,	 the	 TS	 and	 final	 products,	 the	 (4N+2)	
electron	 rule	 is	 satisfied.	 As	 for	 the	 atomic	 charges	 for	 both	
























This	 bond	 cleaves	 at	 a	 bond	 distance	 >3.1Å	 of	 the	 (S)	
transition	state,	Figure	11.	The	calculated	activation	energy	of	
this	reaction	is	207.192	kcal/mol,	the	reaction	energies	for	the	
two	 differently	 electron‐configured	 products	 fall	 near	 each	
other, i.e.	 Er(S)	 =	 193.152	 kcal/mol	 and	 Er(T)	 =	 191.503	
kcal/mol.	
Figure	12	shows	the	calculated	geometries	of	the	reaction	
transition	 state	 (S),	 the	 (S)	 and	 (T)	 reaction	products.	 Figure	




















Cleavage	 of	 the	 C10b‐C10c	 central	 bond	 in	 the	 molecule	
causes	 the	 motion	 of	 the	 two	 atoms	 to	 the	 opposite	 sides,	
relative	 to	 the	 molecular	 plane.	 According	 to	 the	 calculation	
results	the	motion	leads	to	(S)	transition	state	and	proceeds	to	
the	(T)	final	product,	Figure	14.	
The	 transition	state	 falls	 at	 the	C10b‐C10c	distance	3.0	Å	
followed	 by	 the	 formation	 of	 the	 (T)	 final	 product.	 The	
calculated	 activation	 energy	 for	 the	 reaction	 is	 200.458	
kcal/mol	 and	 the	 reaction	 energy	 is	 188.400	 kcal/mol. The	




























C1‐H1	 bond	 the	 H1	 atom	 departs	 from	 C1	 atom	 to	 the	
direction	of	H9	and	H10	atoms	to	reach	the	planar	TS	at	C1‐H1	
























For	 this	 reaction	 the	 calculated	 activation	 energy	 Ea	 =	
165.116	 kcal/mol	 and	 the	 calculated	 reaction	 energy	 Er	 =	
117.350	 kcal/mol. The	 cleavage	 of	 C4‐H4	 bond	 was	 studied	
too,	 Figure	 18.	 This	 reaction	 proceeds	 with	 a	 (S)	 electron	
configuration	up	to	the	transition	state.	It	follows	then	the	(T)	
path	 towards	 the	 final	 product.	 Its	 calculated	 Ea	 =	 163.785	
kcal/mol,	 its	 reaction	 energy	 is	 117.293	 kcal/mol.	 Similar	 to	






Whereas	 all	 the	 C‐H	 bond	 cleavage	 reactions	 for	 pyrene	
proceed	in	a	similar	pattern	for	all	such	bonds,	maintaining	the	
planarity	 of	 the	 molecule,	 the	 C‐C	 cleavage	 reactions	 show	




with	 severe	 deviation	 of	 the	 conformation	 from	 planarity.	
Sigmatropic	H	atom	shift	reactions	[29]	towards	the	formation	
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